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The  effects  of  Ti02  photoelectrode’s  surface  morphology  and  different  solvents  on  the  photovoltaic  per¬ 
formance  of  dye-sensitized  solar  cells  (DSSCs)  were  studied.  By  successive  coating  of  Ti02  suspension, 
composed  of  low  and  high  molecular  weight  poly( ethylene )glycol  (PEG)  as  a  binder,  double  layered  Ti02 
photoelectrodes  with  four  different  structures  were  obtained.  Among  the  DSSCs  with  different  Ti02 
electrodes,  DSSC  with  P2P1  electrode  (P2  and  PI  correspond  to  PEG  molecular  weights  of  20,000  and 
200,000,  respectively)  showed  higher  performance  under  identical  film  thickness  at  a  constant  irradiation 
of  100  mW  cm-2,  which  may  be  correlated  with  large  pore  size  and  high  surface  area  of  the  corresponding 
Ti02  electrode.  This  was  confirmed  by  electrochemical  impedance  spectroscopy  (EIS)  analysis  of  the  DSSC 
and  the  transient  photovoltage  measurement  of  electrons  in  the  Ti02  electrode.  Among  the  different  sol¬ 
vents  investigated  here,  the  DSSC  containing  acetonitrile  showed  high  conversion  efficiency  and  the  order 
of  performance  of  the  DSSCs  with  different  solvents  were  AN>MPN>PC>GBL>DMA>DMF>DMSO. 
Better  correlation  was  observed  between  the  donor  number  of  solvents  and  photoelectrochemical  param¬ 
eters  of  the  DSSCs  containing  different  solvents  rather  than  the  measured  viscosity  and  dielectric  constant 
of  solvents.  The  reasons  for  the  low  performance  of  the  DSSCs  containing  DMA,  DMSO  and  DMF,  respec¬ 
tively,  were  due  to  the  negative  shift  of  Ti02  conduction  band  and  the  desorption  of  dye  molecules  from 
the  Ti02  photoelectrode  by  those  solvents. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

In  1991,  the  successful  demonstration  of  dye-sensitized  solar  cell 
(DSSC)  introduced  a  novel  approach  to  traditional  inorganic  silicon 
solar  cells  [1-3].  In  these  devices,  photon-to-electricity  conversion 
is  achieved  by  ultrafast  electron  injection  from  a  photo-excited  dye 
into  the  conduction  band  of  Ti02  and  subsequently  dye  regenera¬ 
tion  and  the  hole  transportation  to  the  counter  electrode.  In  order 
to  improve  the  performance  of  the  DSSC  further,  extensive  research 
has  been  performed  on  each  constituents  of  the  solar  cell  such  as 
semiconductor  nano-crystalline  Ti02  [4-8],  molecular  dye  [9-12], 
supporting  electrolyte  [13-16]  and  counter  electrode  [17,18]. 

The  influence  of  surface  morphology  of  Ti02  coating  on  the 
performance  of  DSSC  was  already  investigated  in  our  laboratory 
[19].  Shen  and  Toyoda  had  studied  the  optical  absorption  and  elec¬ 
tron  transport  properties  of  the  Ti02  particles  having  different  pore 
diameters  and  proposed  that  the  use  of  small  Ti02  particles  and 
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large  pore  size  led  to  the  good  electron  transport  [20].  However,  if 
the  pore  diameter  is  too  large,  the  surface  area  of  the  Ti02  material 
will  decrease,  resulting  in  the  poor  adsorption  of  the  dye  molecules. 
Obviously,  the  nano-sized  Ti02  particles  offer  high  surface  areas 
leading  to  the  adsorption  of  more  dye  molecules  and  at  the  same 
time,  the  possibilities  of  charge  recombination  will  be  high  in  the 
above-mentioned  system.  It  is  the  most  important  thing  to  men¬ 
tion  here  that  for  getting  a  high  photocurrent,  the  surface  area  of 
the  Ti02  thin  film  must  be  large.  Nevertheless,  if  the  pore  diameter 
of  Ti02  is  too  small,  iodide/tri-iodide  (I3_/I_)  redox  couple  cannot 
be  able  to  diffuse  into  Ti02  thin  film.  Hence,  all  the  three  param¬ 
eters  such  as  the  particle  size,  surface  area  and  the  porosity  of  the 
Ti02  film  influence  the  efficiency  of  the  DSSCs  significantly. 

The  role  of  solvent-supporting  electrolyte  system  is  prominent 
in  the  operation  of  DSSCs  [21-23].  Kebede  and  Lindquist  [14],  and 
Hara  et  al.  [15]  investigated  the  spectrophotometric  properties  of 
I_/I3_  based  electrolytes  in  different  solvents  and  postulated  that 
various  properties  such  as  donor  number,  viscosity  and  dielectric 
constant  had  influenced  strongly  the  photophysical  properties  of 
the  DSSCs.  In  a  recent  work,  photovoltaic  properties  of  the  DSSC 
containing  mixture  of  solvents  such  as  tetrahydrofuran  and  ace¬ 
tonitrile  were  also  studied  in  detail  [21  ]. 
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Based  on  these  above  studies,  the  effects  of  the  Ti02  morphol¬ 
ogy  and  solvents  on  the  performance  of  DSSC  were  investigated. 
We  prepared  two  kinds  of  the  Ti02  pastes  using  poly( ethylene 
glycol)  (PEG)  as  a  binder  with  two  different  molecular  weights, 
respectively.  Four  different  kinds  of  nanostructure  of  the  Ti02 
photoelectrodes  were  fabricated  by  using  each  Ti02  paste,  which 
followed  a  simple  preparation  method.  The  electron  transfer  in 
the  Ti02  films,  internal  resistances  and  the  cell  performances  of 
the  four  different  composite  layers  of  the  Ti02  electrode  surface 
were  studied.  Further,  transient  electron  lifetime  measurements 
were  used  to  investigate  the  characteristics  of  different  Ti02  surface 
morphologies  and  optimized  the  Ti02  electrode.  The  relation¬ 
ship  between  solvent  properties  and  cell  performances  was  also 
investigated. 

2.  Experimental 

2.1.  Materials 

Anhydrous  acetonitrile  (AN),  propylene  carbonate  (PC), 
methoxy  propionitrile  (MPN),  7-butyro  lactone  (GBL),  N,N'- 
dimethylformamide  (DMF),  N.N'-dimethylacetamide  (DMA), 
dimethylsulfoxide  (DMSO)  and  tert-butanol  were  purchased 
from  Merck  and  water  molecules  were  removed  by  putting 
molecular  sieves  (4  A)  into  the  solvents.  Anhydrous  Lil,  I2, 
polyethylene  glycol)  (PEG)  and  4-tert-butyl  pyridine  (TBP)  were 
obtained  from  Merck  and  titanium  (IV)  isopropoxide  (>98%)  was 
purchased  from  Acros.  The  cis-di(thiocyanato)bis(2,2'-bipyridyl- 
4,4/-dicarboxylate)ruthenium(II)  (N3)  was  the  commercial  product, 
which  obtained  from  Solaronix  (Aubonne,  Switzerland). 

2.2.  Preparation  of  the  Ti02  pastes 

The  Ti02  colloids  were  prepared  by  the  method  modified  from 
Gratzel  and  co-workers  [4].  Titanium  (IV)  isopropoxide  (72  ml,  98%) 
was  added  to  430  ml  of  0.1  M  nitric  acid  solution  with  constant 
stirring  and  the  colloidal  solution  was  heated  to  85-90  °C  simulta¬ 
neously  for  8  h.  The  mixture  was  cooled  down  to  room  temperature 
and  filtered.  Then  the  filtrate  was  heated  in  an  autoclave  at  240  °C 
for  12  h  in  order  to  allow  the  Ti02  particles  to  grow  uniformly.  The 
solution  was  concentrated  to  13  wt%  and  two  types  of  Ti02  pastes 
namely  PI  and  P2  which  were  prepared  by  the  addition  of  30  wt% 
(with  respect  to  Ti02)  of  PEG  with  the  corresponding  molecular 
weights  of  20,000  and  200,000,  respectively,  to  the  above  solution 
in  order  to  control  the  pore  diameters  and  to  prevent  the  film  from 
cracking  during  drying. 


2.3.  Fabrication  of  double-layered  Ti02  electrodes  and  assembly 
of  cells 

Those  two  Ti02  pastes  (PI  and  P2)  were  coated  on  a  fluorine- 
doped  tin  oxide  (FTO)  glass  plate  using  glass  rod  method  [4,11  ]  (The 
FTO  sheet  resistance  is  15  £2  sq_1 ).  Using  these  two  types  of  pastes, 
four  different  kinds  of  film  structures  of  the  Ti02  material  were 
obtained  by  different  coating  procedures.  For  example,  PI  PI  and 
P2P2  represent  the  coating  of  PI  over  PI  or  P2  over  P2,  respectively 
whereas  PI  P2  and  P2P1  represent  the  coating  of  PI  over  P2  and  vice 
versa.  Fig.  1  shows  the  typical  film  structure  prepared  in  this  work. 
After  this,  these  Ti02  photoelectrodes  were  dried  in  the  air  at  room 
temperature  for  1  h  followed  by  sintering  at  500  °C  for  30  min.  An 
active  area  of  0.25  cm2  was  selected  from  sintered  electrode  and  the 
electrodes  were  immersed  in  3  x  10-4  M  solution  of  N3  containing 
acetonitrile  and  tertiary  butanol  (in  the  volume  ratio  of  1:1)  for 
24  h. 

In  this  work,  the  standard  electrolyte  was  composed  of  0.5  M 
LiI/0.05  M  I2  and  0.5  M  TBP  in  acetonitrile.  For  compared  the  sol¬ 
vent  effects,  the  electrolyte  was  only  composed  of  0.5  M  lithium 
iodide/0.05  M  iodine  in  different  solvents.  It  is  assumed  that  I- 
and  I2  immediately  formed  I3_  in  this  solution.  The  specified 
composition  of  the  electrolyte  solution  was  sprayed  on  both  the 
dye-immobilized  photoanode  and  Pt  sputtered  (thickness  of  Pt  is 
100  nm)  FTO  glass. 

The  DSSC  cell  was  fabricated  by  keeping  an  ionomer  resin 
(Surlyn  1702,  Dupont,  thickness  of  60  pan)  between  the  two  elec¬ 
trodes  and  two  holes  were  made  on  the  resin.  The  whole  set-up 
was  heated  at  90  °C  on  a  hot  plate  till  all  the  resin  had  been  melted. 
After  the  cell  was  cooled  at  room  temperature,  the  electrolyte  was 
injected  into  the  space  between  the  electrodes  through  these  two 
holes.  Finally,  these  two  holes  were  sealed  completely  by  the  Torr 
Seal®  cement  (Varian,  MA,  USA). 

The  Ti02  film  thickness  was  measured  by  using  a  pro- 
filometer  (Sloan  Dektak  3030).  The  Ti02  surface  area,  pore 
diameter,  pore  volume,  and  particle  diameter  were  measured  by 
Brunauer-Emmett-Teller  (BET)  method,  using  Accelerated  Sur¬ 
face  Area  and  Porosimetry  (Micrometries  Instruments  ASAP  2010). 
The  photoelectrochemical  characterizations  of  the  DSSCs  were  car¬ 
ried  out  by  using  an  AM  1.5  simulated  light  radiation.  The  light 
source  was  a  450  W  Xe  lamp  (#6266,  Oriel)  equipped  with  a  water- 
based  IR  filter  and  AM  1.5  filter  (#81075,  Oriel).  The  photovoltage 
transients  of  assembled  devices  were  recorded  with  a  digital  oscil¬ 
loscope  (LeCroy,  model  LT322).  Pulsed  laser  excitation  was  applied 
by  a  frequency-doubled  Q-switched  Nd:YAG  laser  (Spectra-Physics 
laser,  model  Quanta-Ray  GCR-3-10)  with  2  Hz  repetition  rate  at 
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Fig.  1.  Morphological  structure  of  the  different  Ti02  electrodes  obtained  by  successive  coating  of  PI  and  P2  Ti02  pastes  on  FTO  substrate. 
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532  nm  and  7  ns  pulse  width  at  half-height.  The  beam  size  was 
larger  than  0.25  cm2  to  cover  the  area  of  the  device  with  incident 
energy  of  1  mj  cm-2. 

Photoelectrochemical  characteristics  and  the  ac-impedance 
measurements  of  the  DSSCs  were  recorded  with  a  potentio- 
stat/galvanostat  (PGSTAT  30,  Autolab,  Eco-Chemie,  the  Nether¬ 
lands)  under  lOOmWcm-2.  EIS  of  DSSC  was  performed  under 
constant  light  illumination  and  open-circuit  conditions.  The  applied 
bias  voltage  and  ac  amplitude  were  set  at  open-circuit  voltage  of 
the  DSSC  and  10  mV  between  the  FTO/Pt  counter  electrode  and 
the  FT0/Ti02/dye  working  electrode,  respectively  [24].  Besides,  the 
frequency  range  explored  was  10  mHz  to  65  kHz. 

3.  Results  and  discussion 

3.1  The  effect  ofTi02  morphology  on  the  DSSCs 


Average  Diameter  /  nm 


It  is  well  known  that  the  addition  of  PEG  to  the  Ti02  colloidal 
solution,  after  autoclaving,  influences  the  porosity  of  the  Ti02  elec¬ 
trode  [19].  The  PI  and  P2  which  were  prepared  by  the  addition  of 
30  wt%  (with  respect  to  Ti02 )  of  PEG  with  the  corresponding  molec¬ 
ular  weights  of  20,000  and  200,000,  respectively,  and  the  surface 
structures  are  shown  in  Fig.  2.  The  coil  size  of  a  polymer  is  com¬ 
monly  represented  by  the  radius  of  gyration  (ftg),  Rg  =  C(Mw)1/2, 
where  Mw  (gmol-1)  is  the  molecular  weight  of  the  polymer  and 
C  is  a  constant  depending  on  the  properties  of  the  solvent.  It  has 
been  determined  that  C  is  0.063  nm  (g  mol-1  )-1/2  for  PEG  in  a  good 
solvent  [25].  It  was  expected  that  the  Ti02  pastes  containing  dif¬ 
ferent  molecular  weight  of  PEG  could  result  in  the  Ti02  films  have 
different  distribution  of  pore  diameters.  It  was  found  that  the  Ti02 
film  prepared  by  PI  paste  shows  a  smaller  pore  structure,  and  that 


Fig.  2.  The  SEM  images  of  the  morphologies  of  PI  and  P2  Ti02  films. 


Fig.  3.  Average  pore  diameters  of  PI  and  P2  Ti02  films  obtained  from  BET  measure¬ 
ment. 


Table  1 

The  specific  surface  area,  pore  diameter,  pore  volume  and  average  particle  diame¬ 
ter  of  PI  and  P2  Ti02  photoelectrodes  obtained  from  BET  measurement  and  SEM 
micrograph. 


Sample 

Surface  area 

Pore  diameter 

Pore  volume 

Ti02  particle 

(m2  g-1) 

(nm) 

(cm3  g-1) 

size3  (nm) 

PI 

80.4 

11.5 

0.29 

20 

P2 

67.1 

18.9 

0.38 

a  The  size  of  Ti02  nanoparticle  was  measured  by  SEM. 


prepared  by  P2  paste  has  a  larger  pore  diameter.  The  penetration 
of  electrolyte  depended  on  the  pore  size  of  Ti02  film.  Therefore, 
the  average  pore  diameters  of  PI  and  P2  Ti02  films  determined 
from  Brunauer-Emmett-Teller  (BET)  measurement  are  shown  in 
Fig.  3  and  listed  in  Table  1.  The  surface  area  and  the  pore  diame¬ 
ter  of  PI  were  found  out  to  be  80.4  m2  g-1  and  11.5  nm  and  P2  to  be 
67.1  m2  g-1  and  18.9  nm,  respectively.  Further,  the  PI  Ti02  electrode 
has  smaller  pore  size  than  the  P2  and  the  pore  diameter  distribu¬ 
tion  of  PI  is  also  narrower  than  P2.  We  have  investigated  previously 
the  influence  of  lifetime  of  the  Ti02  electrode  as  well  as  the  perfor¬ 
mance  of  the  DSSC  by  varying  the  amounts  of  PEG  content  in  the 
Ti02  electrode.  The  electron  lifetime  (re)  decreases  and  the  value 
of  the  De  increases  with  the  increase  in  PEG  content  [26].  It  is  con¬ 
firmed  that  the  morphology  of  the  Ti02  electrodes  greatly  depends 
on  the  composition  and  the  addition  of  the  PEG. 

The  influences  of  these  pore  distribution  patterns  of  the  various 
Ti02  films  are  also  reflected  on  the  absorption  spectra  taken  for 
the  above  materials.  From  Fig.  4,  it  is  understandable  that  the  PI  PI 
Ti02  electrode  has  highest  absorption  which  follows  PI  P2,  P2P1  and 
P2P2  and  this  trend  was  correlated  with  decrease  in  the  surface  area 
from  PI  PI  to  P2P2. 

Table  2  shows  the  comparative  performances  of  DSSCs  associ¬ 
ated  with  the  different  Ti02  electrodes  under  the  identical  thickness 


Table  2 

Photovoltaic  parameters  and  electron  lifetimes  of  DSSCs  obtained  with  different  Ti02 
morphologies.  The  thickness  of  the  Ti02  electrodes  was  17.2  ±  0.5  p.m. 


Sample 

re  (ms)a 

Rct2 

(Q)» 

Cjj.2 

(mF)b 

Jsc  (mAcrn-2) 

^oc 

(V) 

r}(%) 

FF 

P1P1 

1.40 

49.49 

4.50 

16.84 

0.72 

7.63  ±  0.2 

0.63 

P1P2 

1.43 

59.86 

4.24 

15.53 

0.71 

6.84  ±  0.2 

0.62 

P2P1 

2.25 

39.51 

3.82 

17.64 

0.74 

8.35  ±  0.2 

0.64 

P2P2 

2.20 

50.86 

2.61 

16.40 

0.74 

7.76  ±  0.2 

0.64 

a  The  average  electron  lifetime  (re)  obtained  from  transient  photovoltage  mea¬ 
surement. 

b  Obtained  from  EIS  measurement. 
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Fig.  4.  Absorption  spectra  of  various  Ti02  electrodes  showing  the  influences  of  the 
pore  distribution  patterns. 


Electron  lifetime  /  ms 

Fig.  6.  Transient  photovoltage  measurements  of  various  Ti02  electrodes  under  iden¬ 
tical  conditions. 


of  17.2  ±  0.5  |jim.  Among  these  different  types  of  coated  materials, 
P2P1  shows  higher  efficiency,  which  the  short  circuit  current  den¬ 
sity  C/sc)  is  17.64mA cm-2  and  the  open  circuit  potential  (Voc)  is 
0.74  V  with  the  cell  conversion  efficiency  of  8.35%,  than  all  the  other 
Ti02  electrode  conformations.  The  reason  for  this  behavior  is  due  to 
the  presence  of  large  pores  in  the  electrode  materials  coated  with 
P2  which  may  allow  the  diffusion  of  more  redox  species  inside  the 


(a) 
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iWA - 1=1 — | 

Rcti 
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- K - 
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Fig.  5.  (a)  Equivalent  circuit  of  the  DSSC  used  in  this  study,  (b)  Nyquest  plots  and  (c) 
Bode  phase  plots  of  the  DSSCs  based  on  various  Ti02  electrode  materials. 


pores  leading  to  high  the  electron  lifetime  in  Ti02  electrode  (see 
latter). 

EIS  analysis  could  help  to  understand  the  electrode  kinetics  of 
the  DSSCs  by  analyzing  the  variations  in  impedances  associated 
with  the  different  configurations  of  applied  cells  [12-15].  Fig.  5a 
and  b  shows  the  equivalent  circuit  and  the  typical  Nyquist  plot 
of  the  DSSCs  having  the  four  types  of  the  Ti02  film,  respectively. 
Three  semicircles  were  observed  clearly  in  the  measured  frequency 
range  of  10  mHz-65  kHz.  The  ohmic  serial  resistance  (Rs)  in  the 
high-frequency  region  corresponds  to  the  electrolyte  and  the  FTO 
resistance,  while  the  resistances  Kcti,  ^ct2  and  Kdiff  relate  to  charge- 
transfer  processes  occurring  at  the  Pt  counter  electrode  in  the 
high  frequency  region,  resistance  for  Ti02 /electrolyte  interface  and 
Nernstian  diffusion  within  the  electrolyte  in  the  low  frequency 
region,  respectively  [27,28].  If  we  compare  the  impedance  spectra  of 
these  four  Ti02  materials,  the  value  of  Rct2  ofP2Pl  was  about  39.5  £2 
which  smaller  than  that  of  others  (Fig.  5a).  This  proves  that  though 
the  surface  area  of  P2P1  electrode  is  smaller  than  that  of  PI  PI  elec¬ 
trode,  adequate  pore  sizes  are  available  in  the  case  of  P2P1  for  the 
facile  transport  of  the  redox  couple  in  the  Ti02  interface  thereby 
reducing  the  corresponding  resistance  at  the  interface  [29].  From 
the  Bode  phase  plot  as  shown  in  Fig.  5b,  the  characteristic  frequency 
peak  based  on  P2P1  electrode  shifted  to  lower  frequency,  indicating 
has  a  longer  electron  lifetime  in  P2P1  Ti02  electrode. 


Electron  lifetime  /  ms 

Fig.  7.  Transient  photovoltage  measurements  of  P2P1  Ti02  electrode  in  different 
solvents  under  identical  condition.  The  inset  shows  the  dependence  of  the  JSc  of  the 
DSSC  on  electron  lifetime  of  the  Ti02  electrode  in  different  solvents. 
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Furthermore,  the  laser-induced  photovoltage  transient  studies 
on  the  effect  of  different  Ti02  morphologies  are  shown  in  Fig.  6.  It 
is  found  that  the  electron  lifetimes  based  on  P2P1  and  P2P2  were 
similar  (ca.  2.2  ms)  and  had  longer  electron  lifetime  than  PI  PI  and 
PI  P2  (ca.  1.4  ms,  shown  in  Table  1 ).  This  supported  the  above  results 
measured  by  EIS  and  indicated  that  the  first  coating  of  Ti02  film 
effectively  decides  the  adhesion  between  FTO  and  Ti02  film,  and 
the  electron  lifetime  in  the  Ti02  electrodes. 

From  our  earlier  works  [19],  it  was  observed  that  that  the  cell 
fabricated  with  the  Ti02  electrode  having  small  diameter  of  the 
Ti02  particles  and  larger  pore  size  would  have  better  electron  trans¬ 
port  property.  Therefore,  the  coating  of  P2  on  FTO  can  facilitate  the 
electron  transport  property  and  reduce  diffusion  resistance  of  the 
inner  Ti02  electrode.  This  could  explain  why  the  P2P1  Ti02  elec¬ 
trode  with  the  optimum  thickness  exhibits  the  lowest  ftct2  and  the 
best  performance  in  this  study. 


3.2.  The  solvent  effect  on  the  DSSCs 

The  effect  of  different  solvents  on  the  photovoltaic  perfor¬ 
mance  of  the  DSSC  containing  P2P1  Ti02  electrodes  was  studied. 
Table  2  shows  the  cell  performances  of  the  DSSCs  based  on  differ¬ 
ent  solvents.  From  this  table,  it  is  noted  that  the  DSSC  containing 
acetonitrile  (AN)  has  highest  efficiency  and  the  efficiencies  of  the 
DSSCs  with  different  solvents  are  arranged  in  the  following  order: 
AN  >  MPN  >  PC  >  GBL  >  DMA  >  DMF  >  DMSO.  Surprisingly,  in  the  case 
of  DMF  and  DMSO,  the  total  performance  was  very  low  though  the 
open  circuit  voltages  (V0c)  were  significantly  higher  than  others. 

The  above  results  are  also  reflected  on  the  laser-induced  tran¬ 
sients  measurements  of  electrons  in  the  Ti02  electrodes  with 
different  solvents.  Fig.  7  shows  such  measurements  for  different 
solvents  and  the  inset  shows  the  dependence  of  the  JSc  of  the  DSSC 
with  various  solvents  against  their  respective  electron  lifetimes  in 
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Fig.  8.  (a)  and  (b)  show  the  dependence  of  JSc  of  the  DSSC  on  dielectric  constant  and  viscosity  of  different  solvents,  respectively:  (c),  (d),  and  (f)  show  the  dependence  of  the 
donor  number  of  different  solvents  against  the  Vocjsc  and  Rc ci  of  the  DSSCs.  (e)  shows  the  relationship  between  the  donor  number  of  solvents  and  the  electron  lifetimes  in 
Ti02  electrode  in  respective  solvents. 
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Table  3 

Photovoltaic  parameters  and  electron  lifetimes  of  DSSCs  obtained  with  different 
solvents. 


Solvent3 

£  (cp)b 

DNC 

Jsc  (mAcirr2) 

Voc  (V) 

r]{%) 

FF 

AN 

0.37 

14.1 

18.62 

0.657 

7.73 

0.632 

MPN 

1.60 

15.4 

18.63 

0.591 

7.01 

0.637 

PC 

2.52 

15.1 

15.21 

0.661 

6.29 

0.626 

GBL 

1.73 

18.0 

15.89 

0.569 

5.30 

0.587 

DMA 

0.90 

27.8 

11.18 

0.685 

4.90 

0.640 

DMF 

0.79 

26.6 

7.71 

0.751 

4.22 

0.730 

DMSO 

2.00 

29.8 

3.82 

0.779 

2.06 

0.692 

a  Only  added  Lil  (0.5  M)/I2  (0.05  M)  in  solvent. 
b  Viscosity  of  solvent  at  25  °C. 
c  Donor  number  of  solvent. 


the  Ti02  electrode.  In  this,  the  electron  lifetimes  on  the  Ti02  elec¬ 
trodes  in  different  solvents  correlate  well  with  the  Jsc  of  the  DSSCs 
with  these  solvents  and  this  follows  our  earlier  experimental  results 
obtained  on  the  performances  of  the  DSSCs  with  different  solvents. 

The  photoelectrochemical  properties  of  the  DSSCs  with  various 
solvents  have  been  related  with  their  physical  properties  (Table  3). 
For  example,  Fig.  8a  and  b  shows  the  dependence  of  the  Jsc  of  the 
DSSCs  with  above  solvents  toward  their  dielectric  constant  and  vis¬ 
cosity.  It  is  found  that  those  two  physical  properties  do  not  show 
any  specific  correlation  with  the  JSc  of  the  DSSCs.  On  the  other 
hand,  donor  numbers  of  solvents  reveal  better  relationship  with  the 
Voc  (Fig-  8c),  Jsc  (Fig.  8d),  Rc t2  (Fig.  8f,  obtained  from  the  EIS  stud¬ 
ies)  of  the  DSSCs  and  the  electron  lifetimes  in  the  Ti02  electrode 
containing  the  above  solvents  (Fig.  8e).  The  Voc  and  Rct2  increase 
with  increasing  of  donor  number  while  the  JSc  and  re  have  a  totally 
reverse  change  tendency,  which  has  a  similar  trend  as  the  reported 
results  by  Fukui  et  al.  [21].  From  the  above  studies,  it  is  observed 
that  the  higher  donor  number  of  the  solvents,  the  lower  will  be  the 
performances  of  the  DSSCs. 

The  donor-acceptor  reaction  between  the  non-aqueous  solvents 
and  iodine  was  investigated  by  Kebede  and  Lindquist  [14].  It  is 
revealed  that  the  donor  number  of  solvent  is  important  in  sol¬ 
vents  interaction  with  iodine  and  that  can  control  the  equilibrium 
of  iodine  (I-)  and  tri-iodide  (13“ )  ions  in  solvents.  With  the  increase 
of  donor  number  of  solvent,  the  free  13“  concentration  decrease  and 
free  I-  concentration  increase,  which  improved  the  hole  collection 
by  I-  [30].  The  increase  of  V0c  can  be  explained  according  to  the 
following  equation  [31,32]: 


Voc  = 


( _ Jinj  _ \ 

\ncbket  [/3]  J 


(1) 


where  k  is  Boltzmann  constant,  T  is  the  absolute  temperature,  e  is 
the  electronic  elementary  charge,  /inj  is  the  flux  of  charge  resulting 
from  sensitized  injection,  ncb  is  the  concentration  of  electrons  at 
the  Ti02  surface,  ke t  is  the  reaction  rate  constant  of  I3_  dark  reac¬ 
tion  on  Ti02  surface,  and  the  [I3~]  is  the  concentration  of  I3~  in 
electrolyte.  Solvents  with  higher  donor  number  make  for  easier 
formation  of  complex  between  solvents  and  iodine,  resulting  in  the 
Voc  increase  with  increasing  donor  number  of  solvents.  In  addition, 
the  solvents  with  higher  donor  number  are  more  Lewis  basicity 
and  easier  reacting  with  the  bare  Lewis  acidic  Ti02  surface  which 
shows  higher  efficient  for  blocking  the  active  sites  of  Ti02  electrode 
and  decreasing  the  rate  of  I3_  reduction  (ket).  so  that  increases  the 
V0c-  Alternatively,  as  the  Lewis  basic  characteristic  of  additive  in 
electrolyte,  e.g.  TBP,  the  higher  donor  number  solvents  absorb  on 
Ti02  surface  may  negative  shift  the  flat  band  potential  (VFb)  of  Ti02 
electrode  [33],  which  decreases  the  driving  force  for  excited  dye  to 
inject  electrons  into  the  conduction  band  edge  of  Ti02  and  leads  to 
the  decrease  of  JSc  ami  increase  of  V0c- 

Moreover,  they  also  have  low  electron  lifetimes  in  the  Ti02  elec¬ 
trodes  and  as  a  result  of  this,  the  Rc t2  of  the  DSSC  will  be  very 


Wavelength  /  nm 

Fig.  9.  The  absorption  spectra  based  on  DMSO,  DMF  and  DMA,  respectively,  indicat¬ 
ing  the  dye  desorption  from  the  Ti02  photoelectrode. 
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Fig.  10.  The  Bode  phase  plots  of  the  DSSCs  based  on  AN,  DMA,  DMF  and  DMSO 
solvents,  respectively. 


high.  The  reason  for  this  anomalous  behavior  may  be  correlated 
with  the  presence  of  solvent-dye  interaction  on  the  surface  of  the 
Ti02  photoelectrode.  In  order  to  characterize  such  interaction,  dye 
immobilized  Ti02  electrodes  were  washed  repeatedly  with  AN  till 
the  excess  dye  had  been  removed  and  each  electrode  was  dipped 
separately  in  5  ml  of  the  solvents  for  1  h  and  the  absorption  spectra 
of  these  solvents  were  recorded  immediately  (Fig.  9).  Surprisingly, 
UV-vis  spectra  taken  for  these  solvents  showed  absorption  charac¬ 
teristics  for  the  N3  dye  molecules,  which  revealed  that  the  solvent 
molecules  desorbed  the  N3  dye  molecule  from  the  surface  of  the 
Ti02  to  some  extent.  From  the  intensity  of  the  absorption  spectra, 
it  is  understandable  that  the  characteristics  of  desorption  follow 
the  order  DMSO  >  DMF  >  DMA.  Further,  in  the  Bode  plot  (Fig.  10), 
it  is  found  that  when  the  DMSO,  DMF  and  DMA  were  used  as  the 
electrolyte  solvents,  the  characteristic  frequency  peaks  of  Ti02  obvi¬ 
ously  shifted  to  higher  frequency  than  that  of  AN.  The  characteristic 
frequency  can  be  related  to  as  the  inverse  of  the  recombination 
lifetime  (rr)  [34].  This  behavior  is  due  to  the  dye  desorption  and 
decrease  in  electron  lifetime.  Those  results  indicated  that  both  the 
donor  number  and  desorption  properties  of  the  solvents  play  an 
important  role  in  tuning  the  performance  of  the  DSSCs. 

4.  Conclusion 

The  effects  of  different  Ti02  surface  morphology  and  solvents 
on  the  solar  cell  performance  of  the  DSSC  were  investigated 
in  this  work.  From  these  investigations,  it  is  observed  that  the 
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Ti02  film  morphology  strongly  influences  the  performance  of 
the  DSSC.  Among  the  DSSC  having  four  different  Ti02  surface 
morphology,  P2P1  Ti02  electrode  showed  highest  performance 
and  this  may  be  related  with  their  better  electron  transport  and 
less  ion  diffusion  resistance  than  the  other  electrodes.  EIS  and 
electron  lifetime  measurements  also  confirm  this.  The  DSSC  per¬ 
formance  depends  strongly  on  the  nature  of  the  solvent.  The 
performance  order  for  the  DSSCs  containing  different  solvents  were 
AN  >  MPN  >  PC  >  GBL  >  DMA  >  DMF  >  DMSO.  Better  correlation  was 
found  out  from  the  donor  number  rather  than  the  dielectric  con¬ 
stant  and  viscosity  of  different  solvents.  The  electron  lifetime  mea¬ 
surement  of  Ti02  electrodes  in  different  solvents  also  follows  this. 
Furthermore,  solvents  such  as  DMA,  DMF  and  DMSO  desorbs  the 
dye  molecules  from  the  Ti02  electrode  as  noted  from  the  absorption 
spectra  and  this  may  also  decrease  the  performance  of  the  DSSC. 
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